Scrap printed circuit boards (PCBs) are the most abundant wastes that can be found in the landfills in Malaysia and this disposal certainly poses serious detrimental to the environment. This research aims to investigate optimum temperature for pyrolyzing waste PCBs, find out the best catalyst to be used in accelerating PCBs' pyrolysis, select suitable ratio of catalyst to PCBs for higher oil yield and examine kinetics pyrolysis of the waste PCBs' decomposition. Operating temperatures ranged from 200 to 350 ˚C of PCB's pyrolysis were conducted with the optimum temperature obtained was 275 ˚C. Fluid catalytic cracking (FCC) catalyst, zeolite socony mobil-5 (ZSM-5), H-Y-type zeolite and dolomite were used to accelerate PCB's pyrolysis at 275 ˚C and FCC was identified as the best catalyst to be used. Different ratios of FCC to waste PCBs such as 10:90, 20:80, 30:70, 40:60 and 50:50 were applied in the pyrolysis at 275 ˚C and ratio of 10:90 was selected as the suitable ratio to be utilized for maximum yield. The kinetic study was done through thermogravimetric analysis on waste PCBs under various heating rates and different particle sizes. The GC-MS analysis revealed that compounds detected in the pyrooil have the potential to be used as fuel.
Introduction
Undoubtedly, the fastest growing manufacturing fields in Malaysia is none other than electrical and electronics' production. Generally, most of the invented electrical and electronic appliances will contain printed circuit boards and these printed circuit board (PCB) wastes are very difficult to be reused and recycled due to its high content of metals and polymers. Typically, PCBs are the mixtures of woven glass reinforced resin and multiple types of metals. From Figure 1 , it can be concluded that e-waste generation in Malaysia is still in the continual rise till today and this increment rate should become our major concern. In general, the components of waste PCBs can be divided into metallic fractions and non-metallic fractions. Besides that, PCBs contain significant quantities of metals such as copper (16%), solder (4%), iron and ferrite (3%), and nickel (2%) [1] .
Proper management of waste PCBs disposal is gaining momentum across the world because waste PCBs are difficult to be recycled due to its diverse mixture of glass fibers, metals and organic materials. Improper management of PCBs waste disposal will eventually lead to pollution and health concerns. The conventional low cost management of waste PCBs is land filling and metal recycling whereas incineration is considered as the high cost management of waste PCBs. Indiscriminate combustion of epoxy resins in the waste PCBs via incineration will eventually release many carcinogenic gases such as furans, dioxins, or persistent organic pollutants (POPs) [3] . These potent gases cause serious damage to the human's nervous and immune system due to the excessive inhalation. The quantity of such gases being released into the atmosphere cannot be compromised as the minimum allowable gas emission has been enforced by the Department of Environment in the recent years.
Both physical recycling methods and chemical recycling methods have been practiced for decades and apparently there are no contemporary technologies available to replace both methods effectively. The discussions are made regarding the advantages and disadvantages of adopting both physical and chemical methods. Physical recycling methods of non-metallic fractions are adopted after the metallic fractions and non-metallic fractions have been segregated from PCBs waste by using mechanical processing [4] . Several mechanical processing used for segregating the metallic fractions and non-metallic fractions from PCBs waste are grinding, multi-crushing, magnetic separation, density-based separation, electric conductivitybased separation, corona electrostatic separation and shape separation [5] . Metals of waste PCBs can be stripped off from the plates when the grinding and crushing are carried out. But the drawback of using mechanical processing is the dust and hazardous gas production during the crushing or grinding due to strength and firmness of waste PCBs. Hydrometallurgical is considered as one of the physical recycling method and it is used to recover valuable metals from waste PCBs [6] . However, a lot of liquid waste and sludge are produced in the hydrometallurgical and these wastes need to be disposed of carefully.
There are many uses for non-metallic fraction of waste PCBs after the physical recycling processing is carried out. The powder formed after crushing can be used as the paving material or plastic filling materials. Besides that, the non-metallic fractions of waste PCBs have to be thermally stable during the injection molding or compression molding [7] . In addition, the components such as thermosetting resins, ceramics and glass fiber deposited in the non-metallic fractions from PCBs waste can be used as filler for different resin matrix composites [8] . In fact, most researchers across the globe prefer to recycle the non-metallic fractions of waste PCBs as the fillers for thermosetting resin composites when the physical recycling methods are selected [9] .
There are several advantages of adopting physical recycling methods because physical recycling methods are relatively simple, environmentally sound and convenient in handling the non-metallic fractions from waste PCBs. Furthermore, the investment on equipment is quite low and energy cost is relatively cheaper and at the same time, the potential application of products made from the non-metallic fractions of PCBs waste is capitalized [10] . There are still some drawbacks faced in adopting physical recycling methods of the non-metallic fractions and the drawbacks are the difficulties of getting a clean segregation between metallic fractions and non-metallic fractions from PCBs waste, finding suitable way to enhance the compatibility between non-metallic fractions and the matrix materials, considering the good solution for preventing the hazardous substances from leaching out of the products to the least extent, etc. [11] . In short, the conventional physical recycling technologies cannot meet the present requirements of industry because of the environmental contamination, high cost and low efficiency. It is vital to develop a new clean technology for recycling valuable resources. Besides that, the limitation of using mechanical and hydrometallurgical method is the brominated epoxy resin which is left untreated and remains in the waste PCBs. The untreated brominated epoxy requires fur-ther treatment and disposal [12] .
Chemical recycling refers to the decomposition of the waste polymers into monomers or other useful chemical products through chemical reactions. Chemical recycling methods available to date are pyrolysis, gasification, depolymerization process by using supercritical fluids and hydrogenolytic degradation [13] . Pyrolysis can be considered as an alternative method of recycling waste PCBs because during the pyrolysis, the organic materials are decomposed into low molecular weight products in liquid and gases phases. The pyro-oil produced can be used as fuel or chemical feedstock for the downstream processing industries while the inorganic materials such as metal elements and glass fibers are remained in the solid residue after pyrolysis. The latter can be recycled for other valuable applications such as manufacturing of resin matrix composites [5] .
Hall and his colleagues [14] carried out the pyrolysis of PCBs waste from waste computers, televisions and mobile phones in a fixed bed reactor with the aim of segregating and recovering the organic and metallic materials. The efficiency of PCBs waste pyrolysis can be increased with addition of proper catalysts such as zeolite-based catalyst. Hall and his colleagues used a fluidized catalytic cracking (FCC) catalyst to pyrolyse e-waste plastics. In their work, they found out that toxic brominated compound in the PCBs waste could be removed with the use of zeolite-based waste FCC catalyst [14] . The investigation was carried out using fixed bed reactor and the pyrolysis products were characterized using Fouriertransform infrared spectroscopy, ion and gas chromatography. Cui and her colleagues reported that gases emitted from pyrolysis of waste PCBs are generally consisted of CO2, CO, C1-C4 alkanes and other light hydrocarbons [15] . These gases can be used as the combustible gas or feedstock for chemical syntheses such as methanol, pure naphtha production, Fischer-Tropsh syntheses and oxo-synthesis processes. Pyro-oil produced can be used as fuel oil or feedstock as it contains huge amount of phenol and phenol derivatives. The chars remained after pyrolysis can be used for making of composites after metal extraction has been carried out [16] .
In this study, a pyrolysis of PCBs waste was carried out with the presence of catalysts after the optimum operating temperature had been identified. Catalysts such as fluidized catalytic cracking (FCC) catalyst, zeolite socony mobil-5 (ZSM-5), H-Y type zeolite and dolomite were used to accelerate the pyrolysis of PCBs waste in the fixed bed lab-scale reactor. Effectiveness of each catalyst on the PCBs waste pyrolysis was investigated. The best ratio of catalyst to waste PCBs was determined after the selection of best catalyst had been done. All products such as gases, oils and solid residue formed during the pyrolysis were identified and examined using analytical equipment such as gas chromatography-mass spectrometry (GC-MS), Fourier transform infrared spectroscopy (FTIR) and inductively coupled plasma mass spectrometry (ICP-MS). Besides that, thermal decomposition pathways of waste PCBs on the common thermogravimetric analyzer (TGA) were also examined. The effects of particle size and heating rate on the overall reaction rate were assessed. The kinetic behaviors of waste PCBs were discussed using distributed activation energy model with the activation energy and order of reaction were determined via calculation.
Materials and Methods

Material Preparation
Materials used in the research were shredded PCBs obtained from a local recycling company in Malaysia. Nitrogen gas (99.8%) as a carrier gas during pyrolysis, was purchased from Southern Industrial Gas Sdn Bhd., Nilai, Negeri Sembilan. Catalysts used in the pyrolysis are FCC catalyst, ZSM-5 zeolite, H-Y-type zeolite and dolomite. All catalysts used in the pyrolysis were supplied by Qingdao Wish Chemicals Co., Ltd., China whereas dolomite was supplied by Northern Dolomite Sdn. Bhd., Perlis. The quantity of waste PCBs used was 30 ± 5 g and the quantities of catalysts used were varied with the ratio of catalyst to waste PCBs. Dichloromethane (DCM) was used as solvent to collect oil from the flue gas coming out from the fluidized bed reactor and it was purchased from R&M Chemicals, Selangor. Ice bath was used to provide homogeneous temperature for oil collection by dichloromethane. Gravels of size between 3 mm and 5 mm were used as a bed for the pyrolysis in the fluidized bed lab-scale reactor.
Characterization of Waste PCBs
Proximate Analysis
Proximate analysis of the waste PCBs was done using thermogravimetric analyzer (model Mettler Toledo, TGA/SDTA851, USA). In this analysis, about 8.35 mg of waste PCBs was heated in an alumina crucible at 10 ˚C/min from room temperature to 600 ˚C under N2 gas flow of 10 ml/min. Air flow of 10 ml/min was introduced at 600 ˚C and the waste PCBs were continuously heated to 900 ˚C at the heating rate of 10 ˚C/min to determine the fixed carbon content in waste PCBs. The remaining residue after combustion was considered as the ash content of waste PCBs.
Metal Analysis
Metal analysis in the waste PCBs and solid residue was conducted using inductively coupled plasma mass spectrometry (model Perkin Elmer, ICP Optima 7300DV/07709022401, USA).
Thermal Decomposition and Kinetics Analysis
Thermal decomposition and kinetic analysis were performed using thermogravimetric analyzer (TGA, model Mettler Toledo, TGA/SDTA851, USA). In recent years, many reports on kinetic studies of waste PCBs have been done and these literature studies were carried out using thermo balance equipment [17] [18] [19] .
The overall thermal decomposition of waste PCBs can be written in Arrhenius equation. It is expressed as:
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Copyright © 2014, BCREC, ISSN 1978-2993 (1) where k is the rate constant, A is the preexponential factor, Ea is the activation energy and T is the reaction temperature. A function of conversion independent of temperature, f(X), is expressed as: (2) The decomposition kinetics of waste PCBs was evaluated using Friedman technique [20] . Friedman provides the following kinetic studies based on basic Arrhenius equation: (3) where X is the conversion at time t, T is the absolute temperature (K) and R is the value of gas constant (8.31 J/mol/K). The plot of ln(dX/ dt) vs. 1/T should be linear with the slope of Ea/ R from which Ea can be obtained. Value of n is (4) waste PCBs feeder, (5) electric furnace, (6) gas discharge, (7) flange, (8) thermocouples, (9) distributor, (10) temperature recorder, (11) cooling water supply, (12) condenser, (13) cooling water outlet, (14) ice bath, (15) silica gel, (16) flue gas outlet obtained from the slope of the graph of ln(1-X) vs. 1/T. The degree of conversion of waste PCBs, X, is defined as: (4) where W0, W and W ∞ represent initial, instantaneous and final masses of waste PCBs, respectively.
Characterization of Pyro-Oil
Functional Groups Analysis
The identification of polymer and monomer type of pyro-oils produced after the pyrolysis of waste PCBs was done using Fourier Transform Infrared Spectrometry (FT-IR) spectrometer (model Perkin Elmer, Spectrum 100/77353). All FT-IR spectra were recorded from 4000 to 600 cm -1 . Components such as functional groups present in the pyro-oils and its transmittance will be indicated by the peaks formed in the graph obtained.
Composition Analysis
The quantitative analysis on the component exist in the pyro-oil was conducted using GC-MS. About 2.0 ml/min of hydrogen was used as the carrier gas in the GC-MS (Agilent 6890 Series/61530H) and the diameter of the column (19091J-413/HP5) of 0.32 mm with thickness of 2.25 mm and length of 30 m was used during the analysis. For the start phase, initial temperature used was 50 ˚C and was held for 3 minutes. For the final phase (B), the heating rate used was 10 ˚C/min with initial temperature of 300 ˚C and holding time of 30 minutes. About 1 μl of pyro-oil was injected in each run.
Experimental Procedure
A schematic diagram of the experimental setup is shown in Figure 2 . Based on TGA results, temperature of PCBs' degradation was 250 to 350 °C. Pyrolysis of waste PCBs was first carried out at 250 °C with the height of fluidized bed in the reactor was 44 cm from the base of the reactor. About 30 ± 5 g of waste PCBs was weighed by electronic weighing scale (model AND, GF-300, Japan) and it was fed into the lab-scale fluidized bed reactor. A condenser to recover the dichloromethane vapor into liquid was fitted to the 3-neck flask and about 100 ml of dichloromethane was used in the experiment. Water pipe was used as a cooling liquid in the condenser.
The reactor was flushed with 50 ml/min of nitrogen gas for 10 minutes in order to introduce an oxygen-free condition before the pyrolysis was started. Nitrogen gas flow rate fed into the reactor was monitored by flow meter (KOFLO/080714-02S, Japan). The diameter of the fluidized bed reactor was 3.8 cm with the length of 60.5 cm. Temperature profile of the pyrolysis was monitored by Pico regulator. Utube glass was filled with silica gel to absorb moisture content thus, dry flue gas could be exited from the tube. The heating rate of the reactor of 10 ˚C/min was set. Pyrolysis process was maintained for 1.5 hours. Pyro-oil was separated from dichloromethane using rotary vacuum evaporator (model Eyela, NN series, USA) at 90 ˚C about 40 minutes. Mass basis was used in calculating the yield of the products. Solid residue was separated from the bed and its' weight was determined to get the solid mass. The yield of the gas product was calculated by difference. The experiment was repeated by pyrolyzing PCBs waste with the presence of different catalysts such as FCC catalyst, ZSM-5 zeolite, H-Y zeolite and dolomite at optimum temperature with the ratio of 10:90. After identifying best catalyst to be used, the experiment was repeated using different ratios of catalyst to PCBs waste such as 20:80, 30:70, 40:60 and 50:50 and the results obtained were compared.
Results and Discussion
Thermal Analysis of Waste PCBs
Regions in the Derivative Thermogravimetry (DTG) curve show the thermal decomposition of organic matters and volatiles in the waste PCBs. The first weight loss region formed before 100 ºC was due to the vaporization of moisture content in the waste PCBs. The second weight loss region formed after 100 ºC was due to the decomposition of volatile matters. The final weight loss region formed after 400 ºC was due to the removal of volatile and organic matters in the N2 purge. Figure 3 shows a multi-step decomposition of waste PCBs. The highest rate of waste PCBs' weight loss that occurs is indicated by the peak temperature of DTG curve. Thermal decomposition of waste PCBs resulted in major peak of temperature ranging from 250 to 400 ºC. The moisture content was 9.04% and the volatile matter was 90.6%. The higher amount of volatile matter is a good indicator for potential pyro-oil produced from the pyrolysis. The first derivative peak temperature (Tp) was 307.57 ˚C. The peak Figure 5 . Proximate analysis of waste PCBs using TGA of the first derivative indicated the point of greatest rate of change on the weight loss curve. This peak is also referred as the inflection point.
Differential Scanning Calorimetry (DSC) of Waste PCBs
The glass transition temperature or phase transition temperature of waste PCBs was determined using DSC by measuring the amount of heat flow in or out under heating condition. At the heating rate of 10 ˚C/min, the glass transition temperature of waste PCBs or Tg occurred at 311.11 ˚C. Glass transition temperature refers to temperature at which the changes occur in behavior of waste PCBs from being hard and brittle to being elastic and flexible. There will be no latent heat involved with the glass transition. The endothermic peak with a peak temperature of 43.42 ˚C was detected. The peak temperature is equivalent to the point at which the waste PCBs achieves its highest rate of curve. Figure 4 shows the DSC diagram of waste PCBs at heating rate of 10˚C/min. Figure 5 shows the proximate analysis of waste PCBs using TGA. The proximate analyses are shown in Table 1 and comparisons with other proximate analyses from other researchers are also displayed. Volatile matter and ash are the main compositions of waste PCBs. High content of volatile matter causes more products such as oil and gases to be produced during the pyrolysis whilst the high percentage of ash content makes waste PCBs suitable to be used for fillers or composites. The results of the proximate analysis are within the range of literature values except for moisture content. Low moisture content is desirable as high moisture content of waste PCBs will consume more heat and result in lower oil yield. In this study, the mois- 
Proximate Analysis of Waste PCBs
Effect of Temperature on Pyrolysis Yields
Chars, oils and gases were obtained during the pyrolysis of waste PCBs under noncatalytic and catalytic condition. Results are presented in Table 2 , Table 3 , and Table 4 . The pyrolysis of waste PCBs was assumed to be completed because the solid yields obtained from the pyrolysis at different temperatures were almost similar. Observations were made and the shape of residue obtained after pyrolysis were about the same as the original ones. The color of residue was black and this could be due to formation of coke product through depolymerization reactions during the pyrolysis [22] . Solid yields of waste PCBs' pyrolysis were gradually decreased as the temperatures of pyrolysis increased due to more organic fractions of waste PCBs decomposed during the heating.
The liquid collected during the pyrolysis of waste PCBs was called pyro-oil and it was a mixture of organic and aqueous compounds. Researchers agreed that liquids formed during the pyrolysis could be the water and hydrocarbons by-product with the functional groups of [22] . More pyro-oils were formed from waste PCBs' pyrolysis at 275 and 350 ˚C than pyrolysis at 250 and 300 ˚C. Hence, the optimum temperature of pyrolysis could be 275 and 350 ˚C. The overall comparisons on product yields need to be made before the optimum temperature could be determined. The gas yield from waste PCBs' pyrolysis increased as the temperature of pyrolysis increased. Gas product obtained in the waste PCBs' pyrolysis was about 26 to 33 % of the total product. Chiang et al. reported that gas phase of waste PCBs' pyrolysis consisted of light hydrocarbon such as C1-C4, hydrogen gas, carbon dioxide, etc. [8] .
The selected optimum temperature of waste PCBs' pyrolysis was 275 ˚C due to high yield of oil product (about 16% of total weight) and low yield of gaseous product (about 27% of total weight) in comparison with other temperatures. It was intended to have high oil yield and low gas yield in the pyrolysis process so that more oils could be collected for feedstock whilst gas phase emitted must be in proportional amount. High gas yield in the pyrolysis would result in lower oil yield obtained. The product obtained based on selected optimum temperature was supported by the FT-IR and GC-MS analysis. Solid yields obtained from pyrolysis were about 50% of the total weight for all catalyst used. Based on Table 2 and Table 3 , liquid yields from the catalytic pyrolysis were higher than non-catalytic pyrolysis. The presence of catalyst reduced the pyrolysis temperature for achieving product conversion. Under non catalytic conditions, high temperature was required to reach a reasonable product conversion but with the presence of catalyst, the rate of reaction had been increased and eventually more liquids product could be collected [24] . More oils were collected from waste PCBs' pyrolysis of 275˚C with the presence of FCC than other catalysts at the same condition. Comparing data between Table 2 and Table 3 , it could be seen that the percentage of gas yield had been reduced under the catalytic pyrolysis and this explains that the presence of catalyst in the pyrolysis favors for liquid formation except for dolomite.
Effect of Catalyst on Pyrolysis Yields Figure 8. FT-IR results for different ratios used in waste PCBs' pyrolysis
FCC was identified as the best catalyst to be used for pyrolyzing waste PCBs because more liquids were collected and at the same time, Figure 9 . TG curve of waste PCBs at different heating rates Figure 10 . DTG curve of waste PCBs at different heating rates ND = Not Detected lesser gas was emitted. FCC is a typical catalyst used for cracking the crude petroleum of large hydrocarbon molecules into smaller hydrocarbon molecules such as gasoline in the petroleum refining industries to date [24] . Dolomite was seen as the least suitable catalyst to be used in the waste PCBs' pyrolysis due to the opposite product obtained i.e. higher gaseous product generated whereas lower liquid product formed. Zeolite based catalysts such as ZSM-5 and H-Y zeolite have a potential to be used in waste PCBs' pyrolysis because there are significant increments in the liquid yields in comparison with the product yields obtained under the non-catalytic pyrolysis. Zeolite based catalyst and FCC have been identified to have good ratio of SiO2/Al2O3 where the incorporated metals can increase the catalyst acidity. The carbonium ion theory was used to explain why the catalytic acidity was effective in enhancing lower carbon chain molecules [24] . Coke formation in the pyrolysis was greatly reduced with the formation of many low carbon chains molecules.
Effect of Ratio on Pyrolysis Yields
Different ratios of FCC catalyst to waste PCBs were used in the experiment to determine the best ratio to be used in the pyrolysis. Higher ratio of FCC to waste PCBs used will promote lesser solid yields obtained and this has been reflected in Table 4 . This explains that more organic portion of waste PCBs have been degraded with large amount of FCC used. In Table 4 , it can be seen that liquid yields Figure 11 . TG curve of waste PCBs at different particle sizes Figure 12 . DTG curve of waste PCBs at different particle sizes from the pyrolysis with ratio of 10:90 and 20:80 is comparatively higher than pyrolysis at different ratios such as 30:70, 40:60 and 50:50. Significant drop of liquid yield for ratios of 30:70, 40:60 and 50:50 than non-catalytic condition are hugely due to huge amount of gases formed during the pyrolysis. Higher catalyst fed in the pyrolysis process will promote the secondary reactions leading to further cracking of the carbon-carbon bonding. Thus, shorter hydrocarbon chains namely gaseous product will be generated. This can be evident as tabulated in Table 4 .
Gas phase obtained in the waste PCBs' pyrolysis was about 19 to 40 % of the total weight of solid, liquid and gas phase. It has been discussed earlier that gas yields for ratio of 30:70, 40:60 and 50:50 was high and this is due to many large hydrocarbon molecules had been cracked into smaller chain of hydrocarbon molecules by FCC. 10:90 was selected as the best ratio to be used in accelerating the pyrolysis of waste PCBs due to higher collection of liquid product and at the same time, lesser gas was emitted. Other ratios such as 30:70, 40:60 and 50:50 are not suitable to be used as the liquid yields are low and at the same time, the gas yields are pretty high and this scenario is not much preferred in the pyrolysis process. There is a small discrepancy on product yields for ratio of 10:90 and 20:80 but ratio of 10:90 was selected based on the FT-IR and GC-MS results.
FT-IR Results
Fourier Transform Infrared Spectrometry (FT-IR) spectrometer (model Perkin Elmer, Spectrum 100/77353) was used to obtain an infrared spectrum of pyro-oils and identify the polymer and monomer type of pyro-oils produced after the pyrolysis of waste PCBs. The provided IR spectrums could represent functional groups in the oil. It is obvious that functional groups identified are the same although different operating temperature was used in the waste PCBs' pyrolysis. The main functional groups detected are aromatic out-of-plane ring bends (phenyl ring substitution bands) for 900-700 cm -1 , alcohols (C−O stretch) for 1150-1050 cm -1 , phenols (C−O stretch) for 1330-1390 cm -1 and 1260-1180 cm -1 , amine (C−N stretch) for 1400-1300 cm -1 , aldehydes or ketones ( C=O stretch) for 1750-1710 cm -1 , aromatic compounds with sp 2 C−H stretch for 3100-3020 cm -1 and alcohols with O−H stretch for 3600-3200 cm -1 . Transmittance of main functional groups for 275 ˚C was relatively lower than other temperatures and this indicated that higher concentration of the functional groups had been detected for 275 ˚C and the purity of these functional groups were high as well. Figure 6 proved that 275 ˚C was the optimum temperature of pyrolyzing waste PCBs as discussed in the previous discussion.
In Figure 7 , it can be seen that the functional groups for waste PCBs are the same despite different catalysts have been used to accelerate the pyrolysis process. The main functional groups detected are the same as the functional groups detected in Figure 6 . Hence, it can be concluded that the addition of catalyst will only accelerate reaction rate for pyrolysis without interfering the production formation. FT-IR results for different ratios (Figure 8 ) have been compared and the main functional groups detected are the same as functional Figure 13 . Variation of the instantaneous reaction rate with temperature at different heating rates for thermal decomposition of waste PCBs groups detected in Figure 6 and Figure 7 . In Figure 8 , the functional groups at ratio 50:50 recorded the high transmittance in comparison with other ratios. But the pyro-oil yield for ratio of 50:50 was relatively lower than other ratios used and hence ratio of 50:50 was not a suitable ratio to be used during the pyrolysis. Besides that, cost of materials is also taken into consideration as it is not economical to use high ratio of catalyst to waste PCBs and eventually leads to catalyst wastage. Ratio of 10:90 was selected as the best ratio since the concentration of functional groups detected was higher at ratio 10:90 than at 20:80. The selection will be further confirmed after GC-MS results have been analyzed.
GC-MS Results
GC-MS was used to separate and analyze compounds that can be vaporized without decomposition. In Table 5 , phenol and triphenyl phosphate are the main compounds can be found in the pyro-oil. About 39% to 46% of phenol and about 36% to 49% of triphenyl phosphate were identified present in the pyro-oil. These two main products could be formed from the cracking of the laminates manufactured as boards for the assembly of PCB. The characteristics of laminates manufactured depends on the requirements of the circuit. Depending on the requirements such as dielectric constant, material strength and fire retardants, some laminates could be made from a mixture of Teflon, phenolic cotton paper, cotton paper and epoxy, woven glass and epoxy, matte glass and polyester, cotton paper and epoxy, non-woven glass and epoxy, or woven glass and polyester. Both compounds namely phenol and triphenyl phosphate are important precursor for downstream processing industry such as plastic manufacturing, softener, etc. Other compounds identified are mostly aromatic out-of-plane ring bends (phenyl ring substitution bands).
In Table 6 , it could be seen that with the addition of catalyst, amount of phenol detected in the pyro-oil was increased tremendously in comparison with non-catalytic condition. More than 65% of phenol is present in the pyro-oil for all catalysts used except dolomite. The presence of catalysts not only accelerate reaction rate of pyrolysis but also favor the phenol production in the pyro-oil. The main compounds identified present in the pyro-oil for catalytic condition are almost the same as the main compounds detected in the pyro-oil under noncatalytic condition.
It is noted that high amount of phenol content detected present in the pyro-oil when ratio of 10:90 was used in comparison with other ratios. Higher amount of catalyst used do not favor for higher phenol yield. In the previous discussion, ratio of 10:90 is chosen as the best ratio as higher phenol content detected present in the pyro-oil than other ratios. The data as presented in Table 7 supports that ratio of 10:90 is the best ratio to be applied in the waste PCBs' pyrolysis.
ICP-MS Results
Metal analysis in the waste PCBs and solid residue can be done using inductively coupled plasma mass spectrometry (ICP-MS). It is important to identify the range of metals and nonmetals concentrations in the waste PCBs and solid residue so that a proper management of waste PCBs can be adopted for recycling the metallic fractions. Table 8 shows the ICP analysis of waste PCBs and pyrolysis solid residue. Metal concentration for both samples were about the same. Cadmium (Cd), sodium (Na), Figure 14 . ln(dX/dt) vs. 1/T for thermal decomposition of waste PCB Figure 15 . ln(1-X) vs. 1/T for thermal decomposition of waste PCBs arsenic (As) and chromium (Cr) were not detected in both the waste PCBs and solid residue after pyrolysis. In Table 8 , copper (Cu) and calcium (Ca) were the highest concentration of metal elements detected present in the waste PCBs and solid residue. Other metals also detected in the waste PCBs and solid residue were zinc (Zn), barium (Ba), manganese (Mn), lanthanum (La), lithium (Li) , strontium (Sr), potassium (K,) lead (Pb), and iron (Fe). However, metal concentration of Fe, K and Ba were only present in the solid residue under non catalytic condition and this could be due to the randomness of selecting samples for metal analysis. Metal deposited in the raw waste PCBs could be varied due to various type of PCBs depending on the requirement and characteristics such as assembly for television, computers or mobile phones. The collected waste PCBs could be mixed together during the crushing or shredding and this could explain why the irregularities of metal concentration were detected in the ICP-MS results.
Kinetics of Waste PCBs' Degradation
By interpreting the TGA data, information regarding the number of stages processes and the kinetics constants of waste PCBs were obtained. The activation energy and the rate of waste PCBs' decomposition must be known for designing good pyrolytic equipment.
Effect of Heating Rate
Figures 9 and 10 show the TG and DTG curves obtained from the pyrolysis of waste PCBs at different heating rates namely 5, 10, 20, 30°C/min. The curves of TG ( Figure 9 ) and DTG ( Figure 10 ) were shifted to the higher temperature when higher heating rate was used. Moreover, DTG peak temperature also increased when the heating rate used increased. Heating rate is important in the pyrolysis as high heating rate promotes the short reaction time and this leads to higher temperature is required for waste PCBs to be degraded. Hence, this explains why TG and DTG curves were shifted to the right side when higher heating rate was used in the pyrolysis. Figures 11 and 12 show the TG and DTG curves obtained from the pyrolysis of waste PCBs at different particle sizes of 1 mm, 2 mm, 2.8 mm and 3.35 mm. It was observed that the curves in the Figure 11 were not shifted to any side and it is unanimous. However, as the particle size increased, peak temperature in Figure  12 also increased except particle size of 3.35 mm. Particle size do affect the pyrolysis of waste PCBs as large particle size will influence the temperature gradient during pyrolysis and this leads to the increment of solid yield and reduction in liquid and gas yield. For the same heating rate, non-metallic fractions of large particle size waste PCBs tend to undergo the incomplete decomposition and hence lesser liquid and gas yield can be collected in comparison with smaller particle sizes. Figure 13 shows the variations in the rate of conversion (dX/dt) during the thermal decomposition of waste PCBs with respect to temperature. Two distinct peaks were observed for all the heating rates in the Figure 13 and this showed that waste PCBs' degradation was not a single step decomposition. It can be seen that the peaks shifted towards the range of high temperature as higher heating rate was used. This is because high heating rate will result in shorter retention time and eventually wastes PCBs require higher temperature to be decomposed.
Effect of Particle Size
Rate of Reaction
Activation Energy
In Figure 14 , the average of activation energy value obtained was 72.55 kJ/mol for X = 0.2 to 0.8. The activation energy obtained was considered low and hence no large amount of energy was required to initiate the reaction. Based on Figure 15 , with an estimated slope value of 1386 and with the average activation energy value of 72.55 kJ/mol, using equation (4), the order of reaction which is the degree of waste PCB conversion was 6. This low activation energy with low degree of conversion are important factors for upscaling the pyrolysis of waste PCB to the industrial scale.
Conclusion
Pyrolysis of waste PCBs are best to be carried out at 275 ˚C with the presence of FCC catalyst and the suitable ratio of catalyst to waste PCBs is 10:90. Pyrolysis of waste PCBs will produce chars, pyro-oil and gases. After pyrolysis, the dimension of waste PCBs remains the same and it becomes black in color.
This occurrence could be due to formation of coke product through depolymerization reactions during the pyrolysis. Pyro-oil produced has been identified to have functional groups of mainly aromatic and phenyl compounds and the analysis shows that pyro-oil has the potential to be used as the fuel or chemical feedstock for the downstream processing. The metal concentrations in the waste PCBs and solid residue show that the metal composition before and after pyrolysis are about the same as the melting point of metals are much higher than pyrolysis temperature used in this research and hence most of the metals remain in the solid residue after pyrolysis. Metals detected present in the waste PCBs and solid residue are Zn, Ba, Mn, La, Li, Sr, K, Pb, and Fe.
In the kinetic study of PCBs' degradation, the heating rate plays vital role in influencing the reaction rate of pyrolysis. High heating rate will result in higher peak temperature as more heat is needed to decompose the waste PCBs. Besides that, particle size does affect the pyrolysis process. The large particle size will influence the temperature gradient during pyrolysis and this leads to the increment of solid yield and reduction in liquid and gas yield. The average activation energy value obtained was 72.55 kJ/mol for conversion, X = 0.2 to 0.8. The activation energy obtained was considered relatively low and no large amount of energy was required in initiating the reaction. In short, PCB waste have the potential to be used as fuel or chemical feedstock for downstream processing and the feasibility of PCBs' catalytic pyrolysis as the better recycle technology for PCB waste has been confirmed.
